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rarooxisro is ait i eternal - c ombus t i oh bhghhb* 

3y A. Sokolik and A. Voinov 

'The phenomenon of "knocking M is associated with the 
peculiar process of combustion in an internal- combust ion 
engine. The technical term "detonation" used in connec- 
tion with this particular type of combustion has not so 
far been justified "by direct experiments establishing the 
actual occurrence of the detonation or explosion wave.. It 
is only natural that the greater number of investigators 
prefer to employ terms that do not possess any clearly de- 
fined physical sense, such as "knocking t * "pinking," "co£- 
neraent," "Klopfen." Moreover the great majority of in- 
vestigators declare themselves positively opposed to the 
identification of the knocking phenomenon with the deto- 
nation v/ave holding the formation of the latter in the en- 
gine to be impossible. Thus tfhatmough (reference 1) writes 

w 5fho detonation blast" and detonation v/ave are quite 
different forms of inflammatory notion. The detonation 
blast denotes bodily projection of the highly compressed 
explosion gas from a hot pocket as compared with 'the 
detonation wave, 1 which is prop ell ant high speed inflamma- 
tion at a velocity limited by that of the receding combustible. 

Brown and Vatkins (reference 2), A. Ego r ton (reference 
3} | and P. Laffitte (reference 4) advance numerous argu-* 
ments (different effect of the temperature elevation, 
facilitating the occurrence of "shock" in the engine and 
suppressing the occurrence of the explosion wave in the 
tube; absence of the effect of tetraethyl lead in the 
detonation phenomenon in the fttibe } the necessity for the 
occurrence of the detonation wave in a sufficiently long 
tube; finally the possibility of obtaining a true explo- 
sion v/avc in air-hydrocarbon mixtures) which force them to 
the position that "knock in engines decs not appear to be 
necessarily attributable to an explosion v/ave" (reference 
4, p. 418). Finally, the conception of "knock" as a phe- 

*"Le ! Co : ;nement 1 dans un i'ioteur a Essence et l'Onde Explo- 
sive." Tech. Physics of the U.S.S.R., vol. 3, no. 9, 1936, 
pp. 805-823. 
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noineiion analogous to do t onati on wa?c is considered incom- 
patible with the chemical theories of "knock" as, for ex- 
ample, the peroxide theory of Oallen&er (reference 5) and 
of Mouroat and Dufraissc (reference 6), "Znock" is asso- 
ciated with either aut o~inf lamnati on of a part of the 
charge due to the doc opposition of accumulated peroxides 
or it is held with Dufraissc (reference 7) that 

"The peroxides play somohow the part of a detonator, 
the flame is propagated with vibratory notion with an 
abrupt increase in the gas "pressure" (p. 134) . A similar 
definition is given by Egerton (reference 3) and Laffittc 
( r e fere n c c 4 ) . 

"hnoek in an engine is not necessarily associated 
with detonation, "but rather with a type of vibratory com- 
bustion propatated v/ith velocities of the order of tens of 
meters per second" (p. 401). These definitions of knock 
as a vibratory preparation of the flame are based on the 
well-known tests of Maxwell and Wheeler (reference S) and 
are largely accepted by the investigators of combustion, 
(See also Korean (reference S) and Kielsen (reference 1C).) 

A definite solution of the problem of the physico- 
chemical nature of knock as a certain form of combustion 
was made possible, however, only as a result of the direct 
recording of the flame propagation in the ongino cylinder 
at normal operation and with knocking. This is the method 
followed by the investigators we shall now cite. 

tfithl'ow and Boyd (reference 11) in 19 Si, and Duchene 
(reference 12) in 193.2 published the results of a' photo- 
graphic investigation, the first in the engine and the sec- 
ond in a bOEit with a single-cycle adiabatic compression. 
The photographic records for the knocking regime obtained 
by these t'.n investigators arc essentially similar. Knock- 
ing is localized in the remaining portion of the charge 
the most distant from the sn>ark plug and is recorded in the 
form of a trace perpendicular to the axis of motion of the 
recording paper, Withrow and Boyd consider this result 
as a support of the theory of the simultaneous auto-igni- 
tion of the last part of the charge. As additional con- 
firmation, Wi throw and Rassweiler give spectroscopic ob- 
servations on the process of the oxidizing reaction occ\ir- 
ring in the mixture before its aut o ign i t i on • Duchene, 
however, on the basis evidently of indirect considerations 
sees in the similar photographic records a proof of the 
occurrence in the engine of an actual explosion wave. 
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However, as Prottre (ref ore:.ce 13, p. 51) justly remarks, 
"Those authors have not "boon able to measure the velocity 
of this wave and photographs published would appear to in- 
dicate a velocity greater than those given "by gaseous mix- 
tures having a high . cxpl os ive power." 

It is noteworthy that Jouguet (reference 14) bases 
his doubts as to the formation in the engine of an explo- 
sion wave on reasons diametrically opposite. Ee considers 
that "the speed observed by M. Duchcnc of the order of 
1,000 motors per second is actually too small for a true 
explosion wave" (p. 153). Prettrc himself considers that, 
H Many objections may be made against the assumption of the 
instantaneous formation of a wave in the mixtures of air 
and hydrocarbon vapors. On the other hand, numerous argu- 
ments support the view of a simple simultaneous auto-inflam 
m<ation as cause of the knock." 

An attempt to solve this same problem of the defini- 
tion of the mode of combustion corres.poridin£ to knock is 
also made by Schnauffer, making use of the method of 
ionization for recording the flame propagation (reference 
15). For combustion accompanied by knock, Schnauffer ob- 
tains oscillograms testifying according to him to simul- 
taneous aut o- inf lammat i on of a portion of the charge: 

"V/horeas , with no-knock combustion, inflammation oc- 
currs with a sharply defined flame front so that we may 
speak of a steady propago-tion of the flame front, in the 
case of combustion with knock as the* records show, the ig- 
nition of the last portion of the mixture occurs simulta- 
neously at many points* N 

In his more recent tests conducted by a perfected 
method (reference 16), Schnauffer arrives at the same con- 
clusion. Nevertheless , both in the test of Vfithrow-Soyd 
and Duchene, the data furnished by the recording method 
employed by Schnauffer were apparently insufficient for 
the solution of the problem under consideration. In fact, 
given a length of detonation zone in the combustion chambe 
of 5 c en t im e t or s and a normal speed of the explosion wave 
of the order of 2x10 5 centimeters per second, it is neces- 
sary to grant the possibility of recording intervals of 
time of the order of 10~~ b second , a process which is mani 
festly beyond the limits of the oscillograph method. 

Thus in none of the works cited above has it been sue 
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successfully all ained a suf fi-c ion tly clear physical defi- 
nition of the eonhustion in tho knocking engine, a defi- 
nition "based on reliable direct me astir one nt s . In par- 
ticular, the question reaains open of the relation "between 
the phenomenon of knocking in the engine and the explosion 
v/avc . The solution of this problen is the object of our 
tests. 

I. METHOD AND RESULTS 0? THE TESTS 

For the prohleri we have proposed ourselves and par- 
ticularly for the resolution in the tine of the phenomenon 
of high-speed conhustion during knock, the no t hod of photo- 
graphic recording of the flaue vr opagat ion free f r on iner- 
tia is particularly suitable. She nethod of Mallard and 
Lo Chatolior (reference 1?) which consists of ph o t o graphing 
the f lane propagation on a filn noving perpendicularly to 
tho axis of its propagation has "been applied for the first 
tine in an engine "by tfi throw and Boyd. While following 
fundamentally the nethod of the American invest igators , wo 
have introduced an essential nodif icat ion , increasing con- 
siderably the speed of tho filn and thcrehy assuring the 
possibility of the direct nea$uretient of the naxinun speeds 
of the f lane* 

The tests were conducted on an engine specially con- 
structed for this purpose having an avi at i on- type cylinder 
127x140 nillineters (1.77 liters) displacement with in- 
clined valves (fig. 1). The cylinder head has a slit 5 
nillineters wide and 150 nillineters long closed by a coni- 
cal-shape cock with a pyrex glass window. The latter is 
conp.osed of two window pieces 75x17x19 nillineters with a 
partition between then corresponding to the white "band on 
the photograph. In order to avoid tho black deposit on the 
windows , the cock "before the experiment was in the position 
A (fig. 2) and only at the instant of recording (at the in- 
stant of the opening of the elect ronagnct ic switch regulat- 
ed "by the notion of the valves) was it put in position 3. 
For recording, we nade use of an apparatus with rotating 
d'.riV:.. having a naxinun velocity up to 7 ,000 revolutions per 
ninute, corresponding to a linear speed of 60 meters per 
second. The apparatus was provided with an objective of 
■f = 1:2. 

The cooling of the engine was by forced circulation 
of water or ethylene glycol. The engine was braked with 
a dynamometer. The compress ion ratio was constant and 
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equal to 6 • 3-. Ignition was by noans of a coil at one of 
the ends of the chamber, the opposite opening "being closed 
by a flat valve. The ignition angle was indicated by a 
neon lamp. Taking into consideration the fact that the 
knocking regime leading to self-heating of the combustion 
chamber cannot he stable, we have chosen the following 
order in the conduct of our tests. For a certain carbu- 
retor ad jus tm ent , a certain engine speed, position of the 
choke (normally entirely opened), jacket temperature, and 
ignition angle, there was first established a regime for 
which the engine operates without knock. Then immediately 
"before opening the switch, the ignition angle was increased 
to a certain predetermined value with the aid of a special 
lever displaced on the interrupt ear disk. In this manner 
was recorded one of the first de t on a t i 02: cycles. 



Shock and Explosion V/ave 

The discontiguous change in the character of the 
flame propagation associated with the occurrence of knock 
is clearly "brought out by the comparison of the two photo- 
graphs showing the regimes with normal combustion and with 
knock, respectively (fig. o). In the case of normal com- 
bustion, the flame is propagated over the entire extent of 
the combustion chamber with a relatively small velocity of 
the order of 10-20 meters per second. Halfway over the 
flame travel, we observe an appreciable decrease in its 
velocity. If the combustion is accompanied by knock, the 
flame propagation maintains the samo character with the 
exception of the last portion of the charge , where the 
trace of the flame is recorded by a lino perpendicular to 
the axis of motion of the film with a striated structure 
in the zone of post-luminescence (fig. 4). Ihcse records 
as well as those cf V/ithr ow-3oyd and Duchonc show that 
knock is associated with an abrupt change in the velocity 
of flame propagation localised in the portion of the charge 
tfhich is burned last without changing the flame propaga- 
tion in the preceding part of the chamber. This, however, 
does not solve the problem of the mode of combustion in 
the detonation zone. Is the combustion produced simulta- 
neously in the entire mass of the detonating charge (ac- 
conrpanied by the disappearance of the flame front, accord- 
ing to Schnauffer) or is the flame front propagated with 
the very high velocity of an explosion wave? The answer • 
to this ques.tion can be obtained only by recording the com- 
bustion with a sufficient displacement velocity of the re- 
cording paper. 
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The results of the gradual acceleration of. the veloc- 
ity of the record lag paper from 3 to 30 meters per second 
are shown in figure 4* The records A , I > and C are here 
similar to those obtained by Jfi throw-Soyd and Duchene. 
The record D, however, recorded with a velocity of the 
paper of 30 meters per second, and particularly the photo- 
graphs- of figure 5 corresponding to velocities of 50 and 
50 meters per second give a more accurate idea of the 
character of the combustion in the detonation zone. On 
figure 5-A and C the detonation zone takes up about 5 
centimeters of the length of the chamber; on figure 9-3 
the detonation is produced in the immediate neighborhood 
of the chamber wall* 

The records of figure 5 show that -during knock there 
is produced not a simultaneous aut o - inf lammat i on of the 
last portion of the charge but a flame- front propagation 
with a finite velocity determined by the inclination of 
the flame trace. The exact measurement of this velocity is 
difficult because the detonating zone occupies a rela- 
tively unimportant part of the chamber* The measurements 
for constant carburetor adjustment, however, have given 
approximately identical values of the velocity and of the 
same order (about 2,000 motors per second) as the veloci- 
ties of the detonation wave measured in the tube. As in 
the case of detonation in the tube, during the occurrence 
of an explosion wave in the engine there is formed a re- 
flected detonation wave propagated in the burned gas. Its 
velocity (R) , as follows theoretically, is always ponsid** 
erably below the velocity of the detonation wave (D) . 

D m/s 1980 2020 2200 

R " 1500 1530 1760 



The above results permit 
the engine is associated with 
of a detonation wave with all 
to it. 



us to state that knock in 
the instantaneous occurrence 
the charac t or i sties peculiar 



Shock \7aves 

The detonation or explosion wave represents accord- 
ing to the classical expression of Jouguet (reference 8 e 
p. 323) "the coexistence of the mechanical and chemical 
phenomenon of the shock wave and of c embus t i on . 11 When 
the chamber wall is reached, the explosion wave is re- 
flected, is propagated in the burned gas, and partially 
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dissociated under the form of a shock wave. Our photo- 
graph records show the periodic, reflection of the shock 
wave by the opposite vail of the chamber and partially 
"by the partition of the window* She propagation of the 
unref looted shock wave occurs with gradual attenuation. 
This corresponds to the progressive decrease of the com- 
pression Pa / Pi & n the wave and consequently/ to the re- 
duction in its velocity. Under the conditions in the en- 
gine, the phenomenon of the v/ave attenuation, somewhat 
reinforced by expansion, is extended about 70°-30° beyond 
the dead center. The velocities of the shock v/ave can be 
measured with greater accuracy than those of the detona- 
tion v/ave and give the following values for the waves 
after the first and sixteenth reflection: 

D 1 rn/s 1460 1520 

D 16 .r./s 930 980 

The reduction of the shock v/ave velocity on the pho- 
tographs obtained with a lower speed, as on figure 4 A-G , 
is brought out by the decrease in the frequency of the 
striae. It is from the frequency of these striae that 
Duchcno has evaluated the moan velocity of the shock waves 
of the order of 1,000 m / s and ii throw and Hassv/eiler (ref- 
erence 19) a value of the order of 800-900 meters per sec- 
ond. Vibrations of the same frequency have been obtained 
on indicator diagrams observed by tfi thr ow-Ras swcilor and 
Sorruys (reference 20). Our tests show clearly that this 
mean velocity is considerably below the velocity of the 
first reflectdd v/ave whereas the velocity of the latter 
is less than the velocity of the f lane-front propagation 
in the region of detonation. As follows from our tests, 
the definition of the detonation in the engine as "an ad- 
vanced form of vibratory type of explosion" (Z^erton) is 
in conformity with reality only in that subsequent to the 
occurrence of the detonation v/ave in the last part of the 
charge there is repealed .and periodic reflection of the 
shock waves by the chamber walls. 



Computation of the Velocity and Pressure of the 

De t o nat i on v/ave 

The thermodynamic theory of the detonation and shock 
waves permits us to compute the velocity of the explosion 
wave as well as the pressure and t onrpe ratur c o.t the flame 
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front from the Initial condition of the gas and the equa- 
tion of the chemical reaction, A computation of this 
kind has "been performed ^ or an -ir-fuel mixture "by making 
the foil ow i n g ass ump tions : 

The shock wave is produced during the final stage 
of combustion near the point of maximum pressure. ife are 
therefore permitted to take for the initial condition of 
the gas at the instant of occurrence of the explosion 
wave the value of the maximum pressure obtained for nor- 
mal combustion,, and the temperature corresponding to this 
pressure according to the law of adiabatie compression 
l-k 

F & T = constant. By assuming for the maximum pressure 
of normal combustion 25 atm and k = 1*25, wo oh tain for 
the temperature of the last portion of the charge Ti = 
S15° absolute (initial temperature T 0 = 323 d abs) . Assum- 
ing the fuel to "be equivalent to hexane, we obtain the 
equation of the r cacti 021: 

C 6 H 14 + 9; 50 2 + 35.7STjg = 6CQ 2 + 7H a 0 * 35.7h 2 + 1007 cal 

The computation made from these data gave for the tem- 
perature of the shock-ware front T 2 = 3390° abs. The ve- 
locity of the shock wave is correspondingly equal to 1350 
meters per second, a value which approaches the experimen- 
tal value if we take account of the possible errors in the 
assumptions and of the measurement of the wave velocity* 
The corresponding increase of the pressure at the shock 
wave front is Pp./ P i = 10.4. This means that the occur- 
rence of the explosion wave in the engine is accompanied 
by an abrupt pressure rise exceeding ten times the maxi- 
mum pressure of normal combtistion. Using the value of the 
pressure P x = 25 atm before the rise of the explosion 
wave, we obtain for the maximum pressure of the detonation 
wave P 2 = 2S0 atm. 

All the indicators employed do not permit even ap- 
proximately the evaluati&fi of the actual pressures during 
knock. The indicator in this case measures the impulse 
of the force which under certain assumptions may be com- 
pared with the results obtained by computation* 

Serruys (reference 21) has computed the duration of 
the detonation impulse by measuring the magnitude of the 
lag which takes place durinr the detonation near the point 
of maximum pressure on the diagram recorded by the Farns- 
borough indicator. He obtained a value of the order 10" 4 
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second. The order of this magnitude may also be evaluated 
by another method: namely, as the time interval "between 
two consecutive impulses of the detonation wave and ^of the 
first wave reflected on the membrane of the indicator. 
For our engine cylinder with a diametcf of 150 millimeters 
and given the velocity of the first reflected wave equal 
to 1,500 meters per second, this time interval is 

0.15x2 „ 4 
=2X10 4 sec 

1500 

a value which approaches very closely the result obtained 
hy Serruys. Luchene and Verdior (reference 23) have con- 
structed a special mechanical model that reproduces the 
intensity and the frequency of the impulses imparted to 
the Midglo? indicator diaphragm during detonation. They 
have measured the "force of the knock" corresponding in 
their test to the impulse of a weight of 10 kilograms at 
a velocity of 3.6 meters per second on a piston of 100 
millimeters diameter. For a unit of surface, this corre- 
sponds to an impulse of 

10X4X5 - 6 = 48X10- 3 ' 
100x3.14x9 . 6 

If vrc estimate the value of this impulse from the 
increase in the pressure at the explosion wave front, 
computed by us (235 atm) and from the interval between two 
consecutive knocks (2xl0~ 4 sec), wo obtain: 
235x2xl0~ 4 = 47xl0~ 3 . Thus the impulse computed from the 
shock wave agrees with the result of direct measurement. 
This, however, does not prove the accuracy of the compu- 
tation or of the direct measurement of the impulse. never- 
theless, this agreement may "be considered as a new indi- 
rect proof of the occurrence in the engine of ah actual 
explosion wave obeying the laws established "by the thermo- 
dynamic theory of the detonation phenomenon as developed 
"by Jouguet. 

In one of his articles, Eicardo (reference 23, p» 253) 
has written: "The actiial phenomenon of detonation coupled 
with the vexing question of whether or not it is a true 
detonation in the academic sense of the word, are problems 
for the chemist and physicist to decide. To the engineer 
and designer, the incidence and not the definition of 
detonation is the factor which determines the compression 
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ratio he may employ, and' theref ore limits th.e power, out- 
put , • an & off iciency he can o o t .a i n . 11 

Actually, however, the. problem of the mode of combus- 
tion during the detonation, Whether it occurs instantly 
as assumed by the theory of auto-inflammation , or with a 
considerable hut finite velocity of the explosion wave j 
is not at all academic • The direct proof of the rise of 
an explosion wave in the engine permits us, v/ith the aid 
of the thermodynamic theory of detonation, to compute, 
though approximately, the duration as well as the value 
of the detonation impulse and to evaluate the maximum 
pressure during the detonation, values that are very im- 
portant from the practical point of view and that lend 
themselves only with difficulty to direct measurement. 

Instant of Occurrence of Detonation Wave 

The interval of tine from the dead-center position 
to the instant when the detonation wave is produced de- 
pends on different factors. It decreases with increase 
in spark advance, with change in the carburetor adjustment, 
attaining its minimum value with a mixture that is close 
to the correct one, and varies finally with modifications 
of the fuel characteristics. By adding ethyl fluid or 
toluol to the fuel the instant of occurrence of the deto- 
nation wave recedes cons icier ably from the dead center. 
There is also an increase in the distance from the spark 
plug to the point where the detonation is produced. 

We have, in addition, conducted a series of tests in 
'which we varied within wide limits (40° to 145°) the tem- 
perature of the cooling liquid: namely, ethylene glycol. 
On the "basis of the photograph records obtained at a con- 
stant compression ratio (8.3), 800 revolutions per minute, 
spark advance 18°, we have measured the time interval (in 
degrees of angle of rotation of the flywheel) from the in- 
stant of dead center to the instant of occurrence of the 
explosion wave* Iron the variations of this value, it is 
possible to jud^e the effect of the change in temperature 
on the course of the chemical reactions which precede the 
detonation and prepare for it. For the pure fuel, we used 
three different carburetor settings corresponding to the 
following values of the excess air coefficient, 1.12, 0.9, 
and 0.75.. The corresponding data for these. throe values 
are shown in figure 6. We may note that these results arc 
confirmed by the tests conducted by Auer (reference 24, 
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table 5 and fig* 7) if v;e take account of the fact that 
during those tests the mixture gradually loaned with in- 
crease in air temperature from 23° to 74°. In the case 
of lean mixtures the increase in the temperature leads, 
moreover, to a considerable increase (almost double) in 
the mean velocity of the flame propagation during normal 
combustion so that the combustion ends sufficiently near 
dead center. This shows that with high temperatures it is 
possible to obtain regular operation of the engine without 
backfiring in the carburetor with mixtures having excess 
air values beyond 1.2 such as is impossible with low tcm- 
pcratLiros. If the engine is opo rat irir, with a mixture 
corresponding to maximum power* the mean velocity of propa 
gation of normal combustion practically does not vary with 
increase in the cy 1 iiidcr- j acko t temperature (fig. 7) « 

The results of these tests agree with and at the same 
time explain the observations made by Puisais and Moynot 
(reference 25) on the effect of the temperature regulation 
during intake on the power and efficiency of the engine. 
"This effect is very slight for a correct mixture within 
the normal limits of temperature variation. It increases 
with change in mixture richness. With lean reflation, 
an increase in the temperature decreases the fuel consump- 
tion and increases the power." 

In the literature on the subject, we find certain 
references to the increase of the action of the tetra- 
o thy X load as a result of the elevation of the cooling 
liquid temperature (reference 25). Our tests, however, 
do not confirm these observations. ?or a maximum-power 
mixture, the temperature elevation has practically no ef- 
fect in changing the time interval up to the occurrence 
of detonation even when the fuel used has an ethyl content 
of 5 cubic centimeters par liter (fig« 8). 

Detonation and Auto ignition 

Simultaneously with the occurrence of the explosion 
wave in the last part of tho charge it is also possible 
for the phenomenon of autoignition to occur as a result of 
the local heating' of the combustion chambers walls, a heat 
ing in groat ijart due to the preceding detonation. This 
completely excludes any possibility of a stable detonation 
regime in the engine. With increase in tho wall tempera- 
ture, there is a decrease in the ignition lag and the auto 
ignition point approaches the dead-center position. Pig- 
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uro 9 shows clearly thi s . ^gradual approach ,of the point' 
of av-totgnit ioa« The flame front which is formed near 
the "hot point" is propagated toward the extremity of the 
chamber as \ir#il as in the direction of the flame front 
advancing fron the spark plu&» If the instant of -auto- 
ignition is suf f i'c lent 1/ close- to the dead center, the 
normal conoustion has sufficient tine to consume the en- 
tire charge "before the occurrence of the detonation wave 
(fig, 9d). The auto ig&'it ion at the end of the chanoer is 
represented oy the insertion -of a second spark plug not 
included in the electric circuit. The role of the he-t 
point is assumed in this case oy the electrode -Qf the sec- 
ond spark plug near which the aut oi«;nit ion. occurs. Tho 
record in figure 10 was obtained for an engine with groat 
knock intensity, the photograph having boon obtained at. 
precisely the instant of disappearance of the knock when 
the engine had begun to operate in a normal manner. As 
appears from figure 10, this is explained "by the fact that 
the two flame fronts - of the spark plmg and of the "hot 
o.oint" ~ have not sufficiently near the dead center "before 
the detonation wave could he forucd. The progressive in- 
crease in the hot-point t er.:pc ratur c loads to aut o igni t i on 
during the compression and consequently to the stopping 
of the engine as has "been shown "by the tests of Dunanois 
(reference 2?) and Serruys (reference 28) • Our tests 
prove that the auto ignition arising largely as a conse- 
quence of the detonation is a phenomenon essentially dis- 
tinct fron the latter "both by its physical character, 
character of tho flanc propagation, and by its action on 
the engine operation. 

Discussion of the Results 

She method employed oy us of high-speed recording of 
the flame propagation in the engine has provided a definite 
solution of the prcfblem of tho physical character of knock. 
Contrary to the opinion prevailing-; at present, knock in 
the engine is associated not with flame propagation cf a 
vibratory typo and not with simultaneous aut oigni ti on of 
the last part of tho charge hut with tho sudden formation 
of an explosion or detonation wave propagated v/ith a speed 
of the order of 2,000 motors per second. V7e have, however., 
vory .good reasons for suxroosinc; that the nechanisn of oc- 
currence of the explosion wave in the cr.;;inc differs in a 
pronounced fashion fron that of its xoraation in the oxygon 
mixtures in a tube. < . 
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2. FORMAT I OH OP SHOCK WAVE 

There exist three types of flame propagation in 
closed tubes, represented in figure 11. The first type 
(fig, 11-A) , with decreasing speed, corresponds to the 
normal combustion (without knock) in the engine. The 
second is the vibratory type (fig. 11-B) • The vibrations 
or the recoils of the flame front are caused by the action 
of compression waves of finite amplitude produced as a 
result of the considerable velocity of the combustion and 
reflected by the closed ends of the tube (references 29 
and 30) . 

G-ivon a sufficient length of tube, the compression 
waves which arise continuously accumulate, forming the 
front of the shock v/avc. The same factor (temperature 
elevation of the gas) which leads to the progressive ac~ 
celeration of the velocity in the series of compression 
v/aves leads also to the continuous acceleration of the ve- 
locity of reaction and flame propagation in the predot co- 
nation zoic (fig. 11-0) • Thus, in oxygen mixtures, the 
shock wave is formed as a result of the auto-acceleration 
of the combustion in the predetonaticn zone. If the mix- 
ture is suitable for detonation, that is, if it is capable 
of igniting after compression by a shock wave with very 
short lag s then the formation of the shock wave results 
immediately in the rise of an explosion v/avc. It is also 
evident .that in this case the mean velocity of the flame 
in the predo t onat i on zone should bo equal to the velocity 
of the initial compression wave , that is, of the order of 
magnitude of the velocity of sound (reference 31). 

In the engine, however, the character of the flame 
propagation preceding the formation of the detonation 
wave is in no way distinguished from the normal combustion 
and is similar to figure 11-A. Here the mean velocity 
both for normal and for knocking regimes rarely exceeds 
20 meters per second. Not only do we not observe any ac- 
celeration or recoil of the flame in the engine which are 
characteristic of oxygen mixtures but the rise of the ex- 
plosion v/avc is ordinarily preceded by an abrupt slowing- 
down of the flame propagation so that the velocity ap- 
proaches zero. (See fig;. 4.) All this justifies the as- 
sertion that the shock wave which produces the detonation 
wave is not formed in the zone of normal combustion pre- 
ceding the detonation of the engine. From this viewpoint, 
particular interest is attached to the observations of 
Schnauffer (SAEJ, 16, p. 22): 
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"Measurement of the spo-od of fl^nc-front propagation 
during knocking in an engine carried out wi'th this appa- 
ratus (nicrochrononet or ) gave speeds of 265 to 300 meters. 
In spite of very heavy detonation, no greater speed was 
observed. Hitherto published values of 2,000 net or s and 
noro per second for f lar.ic-pr opagat i on speed during detona- 
tion, which for the nost part were ascertained 'in tubes, 
do not scon to represent the true state of affairs. The 
speed lies well below the speed of sound." 

The inner contradiction of this observation is evi- 
dent. In fact, if the observed speed refers to J :he ncrr.al 
zone of Contrast idft g it never exceeds, as also the ,ncan 
speed for the entire explosion chanter, 20-30 r.ic"ers per 
second. This appears both fron the tests of Itfithrow-Boyd 
and fron our vicasurononts as well as fron the r.easur orient s 
conducted by Schnauffer hinself (reference 15). At the 
sane tine, this velocity cannot be attributed to the zone 
of detonation where, according to Schnauffer, "the f lane - 
front disappears and the conbustion takes place simulta- 
neously through the entire nass cf the charge." To what 
then should this velocity be referred? It is a mystery 
which the author leaves unsolved for us. 

Suitability of the Mixture for Detonation 

The tests of Hielscn, Egerton, and others have shown 
that in the air-hydrocarbon nixtures (for exanpl o, pent ane ) 
similar to the fuels the detonation wave is not produced 
even in the case of very high initial pressures (up to 10 
atn) • Up' to the present, the spontaneous occurrence of a 
detonation wave has only been observed in the case of hy- 
drogen nixtures (reference 32) and of acetylene with air 
( r of or one e 33 ) . 

Thus , we nay consider as established: 

1. The fact of the occurrence of the detonation wave 

in the engine during Knock fag 5 

2. The fact that the shock wave in the engine is not 

produced as a result of normal conbustion pre- 
ceding the detonation. - . . 

It is curious that the explanation of this contra- 
diction should be furnished by the chemical theory of 
knocking generally opposed to the theory of the explosion 
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wave. It has been best formulated by Sgerton (reference 
34) as the theory of pr eac t i vat i on . The conditions per- 
mitting the occurrence of detonation in the engine arc 
determined by the reaction of oxidation which is devel- 
oped as a chain reaction as a result of the heating of 
the mixture by the compression and the hot surface of the 
chamber and especially by the exhaust valve. The centers 
at which the reaction chains originate are probably pro- 
vided by the products of the initial oxidation of the 
hydrocarbons: namely, .the peroxides. The most activated 
part of the charge is naturally that which is consumed 
last and consequently remains the longest exposed to a 
high tempo rat Lire ; hence, it is there that the detonation 
wave arises . 

The mechanism of the chemical activation of the mix- 
ture corresponds probably to reactions taking place dur- 
ing the induction period preceding the occurrence of the 
chomiluminuscenco (cold flame). As a proof, there may be 
pointed out, for example, the considerable increase in 
the aldehydes in the last part of the charge immediately 
before the occurrence of the detonation wave. This is 
shown by the method of sample analysis of Egerton and by 
the absorption spectra obtained by tfi throw and Rassweilcr 
(reference 35). The fuel-air mixture at the instant of 
completion of the induction period differs radically from 
the" initial mixture by its tendency toward ignition with 
a very short lag and hence by its suitability for permit- 
ting the oropagation of the shock wave. At the same time, 
the ignition* of the activated mixture by the normal com- 
bustion front is produced with a sufficiently short lag^ 
to permit a local and rather rapid pressure rise which is 
characteristic of a shock wave. Prom this nomoat on, the 
combustion of the fuel-air mixture develops in a manner 
quite identical with the detonating combustion of oxygen 
mixtures. The role of ignition is hero assumed by the 
normal combustion front in whose immediate neighborhood^ 
arises the front of the shock and detonation waves. This 
proximity of the point of occurrence of the explosion wave 
to the source of inflammation also takes place in oxygen 
mixtures with a high detonating value (such as acetylene) 
provided there is given a high initial pressure and a 
strong i gn i t i o n • 

It should be noted finally that preheating apparently 
permits the rise of a detonation wave in the fuel-air mix- 
tures as well as in the bomb, according t o the tests of 
ffellard and Mondain-Monval (reference 36). From this 



16 



27.A.C.A. Technical MenarandULi ITo, 928 



point of view it- is .easy to understand the reasons for the 
negative result of Sgcrton and others v/hos e tests v/ere- con- 
ducted v/ith high initial pressures "but wiih low tonpera- 
t ur es« 

Detonation and Speed of Combustion 

It is generally assumed that detonation in the engine 
arises as a result of too-rapid combustion. According to 
the rule of Hicardo (reference 3?) : "Detonation depends 
primarily upon the. rate of burning of that portion of the 
charge first i;;nited, and it remains to discuss what actu- 
ally controls its rate. 11 In a more recent article (refer- 
ence oS) , Hicardo, developing the sane line of thought,. . 
associates the occurrence of de t one: t i on in the engine with 
the velocity of the f lane in the normal combustion zone: 
"It soens quite clear, that detonation is initiated only at 
the extreme end of the flare travel, due to the conprcs- 
sion of usually some quite- snail portion cf the uiiburncd. 
charge oi r the approaching flane; whether or not detonation 
wiil take place with any riven fuel depends upon whether- 
this unturned mas can got rid of its heat to the surrounding 
walls at a sufficient rate, Ik is in turn depends upon: 

1. The speed cf the one Owning flame, which tends to . 

increase very rapidly as it travels outwards 
fir on the point of ignition and therefore, in . 
effect, upon the length of flap© trav3l; 

2. The temperature of the surfaces surrounding the 

residiun of unturned charge; 

-'3. The decree of turbulence etc." 

We nay note first of all the inner contradiction of 
the conception of Hicardo. According to him,, the detona- 
tion nay he eliminated "by increasing the heat transmission 
of the last portion of the charge "by a 'greater cenhustion 
tine and t urbulonc e . Nevertheless, and Hicardo admits it, 
the turbulence "by facilitating the heat transmission at 
the same time accelerates the flame propagation. On the 
other hand, the re -remains without explanation the anti- 
detonating effect of the reduction of the cylinder diameter 
and the flame travel, which Hicardo himself puts at the 
basis of his theory of the design of anti-detonating com- 
bustion char/Dors. Apparently, the reduction of the length 
of the chamher decreases the cenhustion time and is con- 
sequently equivalent to an acceleration of the latter. 
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Moreover, as shown by our photographic records, "before the 
occurrence of detonation there is observed not am accelera- 
tion of the f lane velocity hut a sudden slowing &ov/:i« The 
latter is explained "by the variation, as the flame front is 
propagated, of the ratio of the fresh to consumed gas vol- 
umes. In the engine this effect is further increased by 
the expansion especially 10°-12° after dead center. 

As is shov/n by our tests for combustibles with a high 
detonating value, the detonation is relatively retarded 
and is produced at 30°-40° after dead center with a spark 
advance of 18°. Aucr (reference 24) in this tests, points 
to a still more retarded detonation up to 70° beyond dead 
center. It is evident that under these conditions detona- 
tion is produced during a stroiig reduction of the pressure 
and not as a result of a sudden rise in the latter and of 
the compression of the last portion of the charge as is 
usually assumed. Even in the case of a relatively advanced 
detonation (.as a result of a large spark advance) , wo see 
in the indicator diagrams a horizontal line before the 
abrupt pressure increase during the detonation. This point 
to an interruption of the pressure rise before the detona- 
tion. All this leads to a revision of the widespread ideas 
of detonation as a result of an excessive speed of combus- 
tion. It is, on the contrary, more probable that the deto- 
nation is produced as an indirect result of the slowing 
down of the combustion in the engine. From this point of 
view, the presence or absence of detonation in the engine 
depends entirely on the chemical activation of the mixture 
which did or did not have time enough to be completed be- 
fore the normal combustion is able to reach the end of the 
chamber. Consequently, as deciding factors, there are to 
be considered on tlie one hand the speed of propagation of 
normal combustion and on the other the initial temperature 
•and the speed of oxidation. The lower this temperature 
the earlier in the compression will the growth of active 
centers take place (peroxides) and the nearer the dead cen- 
ter during expansion will the mixture become suitable for 
de t onat ion. 

It is interesting to note that the maximum velocities 
of flame propagation in the tube for hydr ocarbon-air mix- 
tures according to the measurencnts of Payman (reference 39 
are almost identical: 

CH 4 0 3 I 6 C 3 H 3 C 4 H 10 0 5 K 12 
V cm/s 65 SI 80 83 83 
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It is known- that the initial t emporat ur o of oxidation for 
those hydrocarbons decreases with increase in molecular 
weigh***'' It is only natural that the above series shows 
an increasing order of detonation value. 

The ::bw conceptions of the part relayed by the veloc- 
ity of the flame propagation. in the on gin a determine nat- 
urally new methods for the suppression of the phenomenon. 
The anti-detonating effect may he obtained not on>iy 'by the 
sloping down of the chemical activation of raising cf the 
initial oxidation temperature, to which action, for exam- 
ple, tetraethyl lead contributes, out also by acceleration 
of the flame propagation. It is to the latter action that 
may "be attributed the anti-detonating effect obtained by 
turbulence, reduction of the flame travel, double ignition, 
decreasing considerably according to the tests of Marvin 
(reference 40) the combustion time, and. finally, the addi- 
tion of hydrogen to the mixture in the cylinder as shown 
by the tests of Egorton and of the Bureau of Standards of 
the United States (reference 41), the addition cf hydro gen 
producing a. notable acceleration of the flame propagation. 
The possibility of eliminating detonation in the engine as 
a result of accelerating the normal combustion is also 
•well shown by our tests with the aut oigni t ion of the hot 
point (figsv 9 aa*d 10 ) • 

•The regulation of the tine factor during combustion 
in the engine may also be utilized for the suppression of 
the detonation phenomenon. It should not be overlooked, 
however, that the acceleration of the normal combustion 
in the engine leads- also to an increase in the maximum 
temperature of. the last portion of .the charge, which fact 
does not permit influencing the speed of oxidation of the 
latter. This Limits the effect cf. the new methods for^ 
the elimination of the detonation phenomenon in the engine. 



3 . SUMMARY 



1. By the high-speed-phot ography method, it has been 
possible- to demonstrate the occurrence of a detonation or 
explosion wave with a velocity of the order of 2,000 meters 
per second in a gasoline engine during knock. Simultane- 
ously, there was recorded the reflected detonation wave 
and the propagation of waves during knock periodically re- 
flected from the chamber walls. Our photographs permit a 
very exact evaluation of the gradual variation of their 
velocities. 
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2. The effect of the cooling-fluid temperature on 
the occurrence of detonation v/as studied. The effect of 
a temperature increase was found to vary with the rich- 
ness of the mixture, For lean mixtures, it was found that 
the flame propagation v/as . accelerated ' as a result of the 
rise in temperature with the consequence of an even more 
stable operation of the engine utilizing those mixtures. 

3. The occurrence of aut oigni t ion in the engine v/as 
investigated and its relation with the phenomenon of deto- 
nation established. 

4. On the "basis of experimental data general hypoth- 
eses wor.o formulated, serving to explain the special mech- 
anism of the occurrence of the detonation wave in the o-ri~ 
gine. According to the now point of view, the formation 
of the shock wave and of the explosion wave in the engine 
depends on the modification of the properties of the mix- 
ture as -a result of the chemical activation preceding the 
ignition* 

5m Certain considerations are adduced which show tha 
the detonation, contrary to the prevalent opinion, is pro- 
duced in the engine not as a result of accelerated combus- 
tion of the mixture hut rather as a result of retarded com 
"bus t i oiv* 



Translation "by S. Rpiss, 
National Advisory Committee 
for Aeroiiaut-i c s . 
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Figs. 1,2 




Figure 2.- Two positions of the cock in the cylinder head. 
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Fig. 3 




Figure 3.- Photo-records of normal combustion (A) and with 
detonation (B) in the engine. C- spark. D- point 
at which detonation is initiated. 
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Fig. 4 
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Figure 4.- Photo-recorde of combustion with detonation in the engine 

obtained with an accelerated velocity of the recording paper 
(from 3 to 30 m/sec.)* 
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Fig. 5 
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Figs. 6,7;$ 



§ 40 

3 

rH 

•a; o 

J* 20 

D 
-P 
rH (m 



0 

20 



r 
I 








a 


* 0. 


^5 


■ — u 

















— rr| 


X 


— 








X 




X 














= 1. 


12 

D 
















60 100 
T°C 



140 



Figure 6.- Displacement of the instant of occurrence 
of detonation with temperature. 
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Figure 7.- Variation of the mean velocity of the 
flame with jacket temperature. 
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detonation. 
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Fig. 9 
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Fig. 10 




Figure 10.- Disappearance of the detonation as a result 
of the auto-ignition of the "hot point* (h). 



A, Carbon monoxide-air mixture. B, Carbon monoxide-oxygen mixture. C, Ethane-air mixture. 
Figure 11.- Three types of flame propagation in closed tubes. (Tests of Rivin and Voronkov) 



